This work deals with the investigation of influence of flow pulsation on the accuracy of gas flowrate and volume measurement by means of the differential pressure flowmeters. Experimental studies of the step response curves of an impulse line with a pressure transducer (PT) were carried out with application of a high-frequency analog-to-digital converter of the pressure signal in the PT chamber. Mathematical model of an impulse line with a PT was built. This model provides simulation and investigation of the transient processes with high accuracy. The influence of the impulse line design (length, diameter) on the step response curves and on the frequency response curves as well as on the resonant frequency of the oscillating system (an impulse line with a PT chamber) was studied. The systematic errors of flowrate and volume measurement due to the resonance in the impulse lines which was caused by flow pulsation were simulated and studied for an acting differential pressure natural gas metering system. On the basis of the calculation results, it was defined that amplification of the amplitude of the oscillating signal of the differential pressure due to the resonance may lead to a negative systematic error of gas volume measurement. The systematic errors of gas flowrate and volume measurement caused by the flow pulsation can be reduced by choosing the correct design of the impulse lines in order to avoid the resonance.
Introduction
The accuracy of flowrate measurement is a very important issue today especially for fluid energy carriers flowrate and volume measurement. The differential pressure method is one of the most widespread methods for flowrate measurement. The flowmeters based on this method are simple in construction and mounting. The standard differential pressure devices are available for application at the pipes with diameters of 50 to 1000 mm. However, flow pulsations may take place in the measuring sections of the pipes. These pulsations can be caused by the following factors: reciprocal movement of pistons of compressors and pumps; vibration of the pipe and of the equipment installed on it; periodical operation (triggering) and oscillation of the regulating equipment (ball valves, gate valves etc.); flow swirl on the elements installed in the pipe (thermometer well, filter etc.); flow swirl at the tees; geometrical configuration of the pipeline etc. These factors may lead to a negative impact on the accuracy of flowrate and volume measurement since they may cause the additional errors of measurement.
The main sources of the additional errors of flowrate measurement by means of the differential pressure devices during the flow pulsations are as follows: the square root dependence between the flowrate and the differential pressure; the local acceleration; the acoustic phenomena in the pipe; the dynamic characteristics of the impulse lines.
If the gas-dynamical resistances of the impulse lines between the orifice plate and the differential pressure transducer are different or non-linear then it is also a source of additional errors of gas flowrate measurement when flow pulsations take place. The medium in the impulse lines is moving back and forth continuously during flow pulsations. That is why the non-linear resistances lead to distortion of the transferred differential pressure signal (the more unsymmetrical pulsations the bigger the distortion).
Even if there are no non-linear resistances in the impulse lines, the latter may be a source of the error of measurement. Based on the experimental and theoretical study [1, 2] it was defined that an impulse line together with the chamber of a pressure transducer is an oscillating system where resonance may take place. The resonance in the impulse line leads to the additional error of flowrate and volume measurement which is demonstrated in this work.
The influence of the impulse line design on the error of flowrate measurement by means of the differential pressure flowmeters is considered in [3, 4] . There is a qualitative description of the influence in these works and there are general recommendations on choosing the design of the impulse lines for measurement of flowrate of a pulsating flow. However there is no quantitative assessment of this influence.
The Standard [5] deals with the measurement of flowrate of a pulsating flow. There is a technique for calculating the additional error of volume measurement caused by the flow pulsation in this Standard. However there is no information in [5] on the design of the impulse lines and its influence on the additional error of measurement.
The goal of this work is to present the results of the experimental study of the step response curves of the impulse lines with the pressure transducer, to present the developed mathematical model of the impulse line and to study the influence of flow pulsations on the measured values of the pressure, the differential pressure, the flowrate and the volume of natural gas in an acting natural gas metering system based on the differential pressure method.
Experimental study
The experimental study of the step response curves of the impulse lines with the pressure transducer was carried out by means of a rig where air was used as a working gas. The diagram of the rig is presented in Fig. 1 . There were the following main devices and components in the rig:  pressure transducer PPS.3-PN (overpressure), Techprylad, (1-5 in Fig. 1 ), the upper limit of measurement is 10 kPa, the main error of measurement is 0.15 %;
 differential pressure transducer Sitrans P DSIII (applied for pressure measurement), Siemens, (1-1 in Fig. 1 ), the upper limit of measurement is 10 kPa, the main error of measurement is 0.15 %;
 analog-to-digital converter NI USB-6009, National Instruments, (1-6 in Fig. 1 ), the resolution is 12 bit, the sampling frequency is 48 kHz;
 compressor UK25-16M with the maximum output pressure of 343.2 kPa;
 pressure stabilizer SAD-305 (1-3 in Fig. 1 );
 vessel (D=180 mm, H=310 mm, V=0.0079 m 3 ). The pressure transducer (PT) PPS.3-PN of Techprylad Company (Lviv, Ukraine) was applied for obtaining the transient processes of pressure variation at the end of the impulse line (IL). This PT was chosen because there is an analog electric diagram in it without a built-in filter or digital processing of the output signal and it can be applied for pressure measurement in high speed varying processes.
The aim of the experimental study was to obtain and record the transient processes at the output of the PT (1-5) after a step change of pressure was given to the input of the IL (3). The pressure in the system was created by means of the compressor (1). The valve (1-2) and the stabilizer (1-3) were used to set the desired value of the pressure in the system. This pressure was measured by means of the transducer (1-1). The vessel (2) was installed to stabilize the pressure in the system and to provide rapid change of the pressure at the input of the IL. The internal volume of the vessel was 100 times bigger than the internal volume of the IL together with the volume of chamber of the PT.
After opening the electro-magnetic valve (1-4), the air moved from the vessel to the input of the IL. This is how the step change of pressure was created. At the same time the change of pressure in the vessel was insignificant. The response signal from the output of the PT was given to the input of the analog-to-digital converter (ADC). The digital output signal from ADC (1-6) was processes by the PC with a corresponding software (4) . Since the input signal of ADC should have been the voltage of 0-10 V, the output signal of PT (electric current 4-20 mA) was transformed to the voltage by means of the resistor bank (see Fig. 2 ) with the adjusted resistance of 500 Ohm.
Three series of tests were carried out for the ILs of different lengths (2.1 m; 4.2 m; 6.3 m). There were 10 tests in each series for the IL of a particular length, i.e. 10 transient processes were obtained for the same step change of the pressure for each IL. The tests were carried out in the following way:
1) The electro-magnetic valve (1-4) was opened and the pressure in the whole system (vessel and the IL) was set to 4 kPa.
2) The electro-magnetic valve was closed.
3) New value of the pressure (8 kPa) was set in the vessel by means of the pressure stabilizer (1-3) .
4) The electro-magnetic valve was opened abruptly. The transient process in the chamber of the PT took place and the electric output signal of PT (U) was recorded.
5)
To carry out the next test the pressure in the whole system was reduced down to 4 kPa and steps 2-4 were accomplished.
The value of the step change of pressure at the input of the IL in each test was 4 kPa.
As the result of processing and averaging 10 transient processes for each IL, the averaged step response curves were obtained (see Fig. 3 and Fig. 4) . The values of the averaged curves for each specific moment of time were obtained as a mean arithmetic value of the 10 transient processes in the specific moment of time. This averaging was done in order to eliminate the random deviations that may have occurred during the test. Based on the results of the experimental tests we can see that if a step change of pressure is given to the input of an IL the oscillating transient process takes place at the output of the PT. It means that the IL together with the PT is an oscillating system where resonance may take place (like in any oscillating system). The resonance may lead to negative consequences during the measurement process and may cause the additional systematic errors of measurement.
Mathematical model
In order to develop the mathematical model of the IL, it was considered that the pressure signal from the pipe (or from the carrier ring of an orifice plate) was transferred by means of the IL to the chamber of the PT (or the differential pressure transducer (DPT)) and there was a connecting nipple (throttle) between them. The diagram of the IL for development of its mathematical model is presented in Fig. 5 .
The internal diameter of the connecting nipple (throttle) is smaller than the internal diameter of the IL. That is why the nipple was considered as a cylindrical throttle. The following assumptions were made during the development of the mathematical model:
 the temperature of the gas in the IL is the same along the IL and does not vary in time;
 the volume of the chamber of PT is constant;  the molar mass and the compressibility factor of the gas are constant within the time of investigation of the pressure pulsations.
The mathematical model was developed based on the following equations and formulae:
 the modified Mendeleev-Clapeyron equation of state for defining the mass of gas in the chamber of the PT;
 the Newton's second law for the description of the gas movement in the IL;
 the Darcy-Weisbach equation for defining the pressure at the input of the nipple;
 other equations of the classical fluid dynamics theory.
When there is pressure pulsation at the input of the IL, the gas is moving alternately in one direction and in the other one along the IL. The velocity of the gas in the IL varies from its maximum value to zero and vice versa. It leads to variation of the regime of the gas flow in the IL from turbulent to laminar and vice versa. Under such conditions, it is appropriate to apply the Darcy-Weisbach equation for defining the pressure difference between the input and the output of the IL. This equation provides the possibility to describe both turbulent and laminar regime of the flow, since the dependence of the pressure difference on the velocity of the flow varies depending on the formula for expressing the coefficient of hydraulic friction (λ). If we take the formula for the laminar regime (λ = 64/Re) the Darcy-Weisbach equation will be transformed to the Poiseuille equation for the laminar regime of flow [6] .
In order to take into account the dynamic characteristics of the PT, one more equation was introduced into the mathematical model. It was a differential equation for describing the relation between the output electric signal and the input pressure signal of the PT. The values of the coefficients in this equation were defined experimentally by means of the rig presented in Fig. 2 .
After bringing together all the equations and making all the necessary mathematical transformations the mathematical model of the IL with the PT can be presented by the following system of differential equations:
where A, k 1 , k 2 are coefficients that are calculated according to the formulae (2)-(4); p ch is the pressure in the chamber of PT, Pa; Q is the gas flowrate in the IL (in operating conditions), m 3 /sec; ρ is the gas density in the IL (in operating conditions), kg/m 3 ; p in is the pressure at the input of the IL, Pa; U is the voltage at the output of the PT, V; T PT is the time constant of the PT, sec; k PT is the transfer coefficient of the PT, V/Pa.
The coefficients A, k 1 , k 2 are calculated by the following formulae:
where V ch is the volume of the chamber of PT, m 3 ; M is the molar mass of gas, kg/kmol; z is the compressibility factor of gas; R is the universal gas constant, R=8314.51 J/(kmol•K); T is the absolute temperature of gas, K; L IL is the length of the IL, m; D IL is the internal diameter of the IL, m; S IL is the area of the cross-section of the IL, m The constant coefficients A, k 1 , k 2 were calculated for the gas parameters in the IL at the initial conditions (p ch0 , Q 0 ). The experimental values of the time constant and transfer coefficient of the PT were Т PT = 0.00425 sec; k PT = 0.0008 V/Pa. The gas compressibility factor was calculated using the US VNIC SMV method presented in GOST 30319.2-96 Standard [7] . The hydraulic friction coefficient λ was calculated using the equations presented in [8] (the type of equation depends on the value of the Reynolds number). The system of differential equations (1) was solved using the numerical methods by means of MATLAB software.
Step response curves were simulated and studied using the developed mathematical model of the IL with the PT (1). The simulated curves were compared to the experimental averaged curves (see Fig. 6 ). Based on the obtained transient processes the relative deviation of the simulated values from the experimental ones was calculated with taking into account the averaging of the experimental step response curves. The maximum relative deviation of the simulated curves from the experimental ones is 6.4 %. Thus we conclude that the developed mathematical model is adequate and can be applied for studying the characteristics of the ILs with the PTs (or DPTs).
Frequency response of the impulse line
In order to assess the influence of the IL characteristics on the measured values of pressure when pulsations are present the resonant frequencies were calculated (see Table 1 ) and the frequency response curves were built (see Fig. 7 ) for ILs of various designs (diameter and length). These calculations were made using the mathematical model derived by linearization of the system of equations (1) for natural gas as a working gas (with the parameters presented in Table 2 ). We can see from Table 1 that increase of the IL length leads to decrease of the resonant frequency. And increase of the IL diameter leads to the opposite effect, i.e. increase of the resonant frequency.
The flow pulsations in the pipe according to [5] are divided into the following three groups:
 low-frequency pulsations (with the frequency range from 10 -4 to 0.5 Hz);
 medium-frequency pulsations (with the frequency range from 0.5 to 30 Hz);
 high-frequency pulsations (with the frequency more than 30 Hz).
Based on the calculation results (Table 1 and Fig. 7 ), we can conclude that for the low-frequency and mediumfrequency pulsations it is better to apply the ILs of a small length and a big diameter. In this case the signal in the PT chamber will repeat the signal at the input of the IL. And for the high-frequency pulsations it is better to apply the ILs of a big length and a small diameter. This way the resonance will be avoided and the high-frequency signal will be filtered.
Influence of flow pulsations on the flowrate and the volume
To study the influence of flow pulsations on the measured values of flowrate and volume, a simulation was made for an acting natural gas metering system based on the differential pressure method with the parameters presented in Table 2 . The primary device in the system was an orifice plate with corner pressure tappings. The gas pressure in the pipe and the differential pressure across the orifice plate were measured by means of a multi-parameter pressure / differential pressure transducer.
There was a big noise around the metering system which might have been caused by the pressure pulsations generated by not complete opening of the gate valve. The gate valve was the first fitting installed at the distance of 10 m upstream of the orifice plate. The noise could have meant that there were medium-and high-frequency pulsations since the frequency range of the sound waves perceived by a human ear is from 16 to 20•10 3 Hz.
To simulate the measured values of the pressure and the differential pressure, the developed mathematical model of the IL with the PT (1) was applied. The simulation of the differential pressure was made for the case when the source of pulsations was located upstream of the orifice plate.
The ILs in the metering system were 10 m long and 8 mm in diameter. The resonant frequency of such ILs is 13.5 Hz (see Table 1 ). The simulation was made for pressure oscillations with the frequency of 10 Hz and the amplitude of 5 kPa which is equal to 20 % of the differential pressure (∆p = 25 kPa) at the average flowrate. Such a signal corresponds to the pulsating regime of gas flow in the pipe. The relative amplitude of the pressure oscillations was 0.014 and the relative standard deviation was 0.01. The relative amplitude of the differential pressure oscillations was 0.2 and the relative standard deviation was 0.141. The signal of pressure oscillations was supplied to the input of the mathematical model of the IL with the PT and the resonance phenomenon was simulated. Additionally the signals of the pressure and the differential pressure oscillations after the filtration by means of a filter with the time constant of 0.1 sec were simulated. The results of simulation are presented in Fig. 8 and Fig. 9 . We can see from the simulation results that the amplitude of the pressure/differential pressure oscillations (5 kPa) is amplified due to the resonance phenomenon in the ILs. The amplitude of the oscillations in the chambers of the DPT is 8.87 kPa. The amplitude of the filtered signal is 1.4 kPa. The phase shift of the oscillations in the chambers of the DPT relatively to the oscillations in the carrier rings of the orifice plate is 0.3 msec. And the phase shift of the filtered signal oscillations relatively to the oscillations in the carrier rings of the orifice plate is 23 msec.
Based on the simulated values of the pressure and the differential pressure (in the carrier rings of the orifice plate, in the chambers of the DPT, filtered signals) the corresponding values of flowrate were calculated. The selected points of the pressure and the differential pressure are designated by markers in Fig. 8 and Fig. 9 . The values of the flowrate were calculated by means of "Raskhod-RU" software for computer aided design of the differential pressure flowmeters [9] . The calculation results are presented in Table 3 and in Fig. 10 . The following notations are made in Table 3 : t is time; p in is pressure in the upstream carrier ring of the orifice plate; p ch is pressure in the positive chamber of DPT; p F is the filtered signal of pressure; ∆p in is the differential pressure in the carrier rings of the orifice plate; ∆p ch is the differential pressure in the chambers of DPT; ∆p F is the filtered signal of the differential pressure; q s1 is flowrate calculated on the basis of p in and ∆p in ; q s2 is flowrate calculated on the basis of p ch and ∆p ch ; q s3 is flowrate calculated on the basis of p F and ∆p F .
The calculated values of flowrate were integrated in order to obtain the gas volume during the period of time of 1 h (see Table 4 ). We can see from the calculation results that the resonance in the ILs leads to the underestimation of the measured volume of gas since the volume V 2 is smaller than the volume V 1 by 0.52 % (see Table 4 ). The volume 
Conclusions
Based on the experimental and the theoretical investigation it was defined that the IL with the PT is an oscillating system where resonance phenomena may take place when there are pressure pulsations at the input of the IL. The mathematical model of IL with the PT was developed in order to carry out a qualitative and a quantitative study of influence of flow pulsations on the accuracy of flowrate and volume measurement. The developed model provides sufficient enough accuracy of simulation of transient processes since the maximum relative deviation of the simulated values from the experimental ones is 6.4 %.
After investigating the IL design it was found that for the low-frequency and medium-frequency pulsations it is better to apply the ILs of a small length and a big diameter. In this case the signal in the PT chamber will repeat the signal at the input of the IL. And for the high-frequency pulsations it is better to apply the ILs of a big length and a small diameter. This way the resonance will be avoided and the high-frequency signal will be filtered.
Flow pulsation was simulated for an acting natural gas metering system with an orifice plate. Based on the calculation results it was defined that the resonance in ILs due to flow pulsation may cause an additional systematic error of gas volume measurement with a negative sign. Filtration and averaging of the pressure and the differential pressure signals may lead to an additional systematic error of gas volume measurement with a positive sign. The specific value of the additional systematic error depends on the parameters of the pulsating flow, design of ILs and chambers of PTs/DPTs. The systematic errors of gas flowrate and volume measurement caused by the flow pulsation can be reduced by choosing the correct design of the IL in order to avoid the resonance.
